The entry/exit sites must be specified for axon targeting, periphery through motor exit points ( partments. As there is no obvious barrier (e.g., a continuous basal lamina) at developing interfaces to impede Introduction cell migration (Golding and Cohen, 1997), a previously overlooked requirement at the early MEP and DREZ is The existence of boundaries between distinct compartfor a mechanism that allows axons to cross freely bements is a fundamental aspect of nervous system orgatween CNS and PNS compartments but blocks cell mixnization, and its most overt manifestation in vertebrates ing between them. is the segregation of the central nervous system (CNS)
axons at exit points, we next tested the extent to which they controlled axon outgrowth, by unilateral surgical analysis on whole-mount antibody-labeled embryos. We combined either HNK-1 or anti-Cad-7 (Nakagawa and ablations of the dorsal neural tube. These were carried out in thoracic regions of E2 chick embryos, by removing Takeichi, 1995) antibodies, which label neural crest derivatives, with an anti-neurofilament-H chain antibody the dorsal half of the neural tube at presomitic levels, before the onset of neural crest migration. The manipu-(NF) to label motor axons ( Figure 1A ). In sections taken through the most caudal regions of embryos displaying lated embryos were then allowed to develop in ovo for up to 5 days. The extent of crest ablation and its effects HNK-1/Cad-7-positive neural crest cells, many labeled cells were located at the pial surface of the neural tube.
were 1D and 1E ). Since the embryo develops in an antero-posterior gradient, this suggests that precursors, were all normally positioned, but these were entirely absent from the operated side (Figures 2A and  2B ). The only neural crest derivatives that were occasionally seen on the operated side were scattered clusters of neurons beneath the notochord, in positions equivalent to sympathetic chain ganglia on the unoperated side. Since the neural tube remained open postoperation, these probably derived from small numbers of neural crest cells that rerouted from the unoperated side and had migrated ventrally around the notochord (data not shown). The absence of neural crest derivatives on the operated side was also evidenced by the acellular nature of ventral roots ( Figure 2D ), compared to the unoperated side where the nuclei of Schwann cell precursors were distributed in characteristic longitudinal arrays along nerve roots ( Figures 2C and 2D 
Neural Crest Ablation Leads to Motor Neuron Emigration from the Spinal Cord
In addition to the acellular ventral roots, a consistent feature revealed by nuclear staining of ablated embryos was the presence on the operated side of a wedge of large cells, forming a cellular bridge extending from the spinal ventral horn to adjacent marginal zone. In some cases, this extended into proximal motor nerve roots 3D ; note absence of DRG in Figure 3C ), numerous Islet-1/2-positive motor neurons were located ectopically both in the marginal zone and along ventral nerve roots ( Figures 3C and 3D ), and their motor neuron identity was confirmed using HB9 antibody, a marker specific for motor neurons (Tanabe et al., 1998) ( Figure  3E ). Thus, the absence of neural crest derivatives at MEPs arising from the Splotch mutation has identical consequences to surgical crest ablation, resulting in motor neuron somata escaping the confines of spinal motor columns. Although less substantial in its extent, the distribution and location of ectopic motor neurons were more consistent in the Splotch mutant than in crest-ablated chick embryos. In five embryos examined aged between E11.5 and E13.5, ectopic motor neurons were first seen at the forelimb level, corresponding to the rostrocaudal level devoid of neural crest cells, as judged by the absence of DRGs. Down to the lower abdominal regions, an average of 20 (Ϯ8) ectopic Islet-1/2-positive motor neurons/ section were found outside the spinal cord gray matter. The front of migrating neurons extended within the ventral root up to 100 m from the MEP ( Figures 3C and  3D ). In more caudal regions, spinal cord development was impaired by the mutation, and many fewer neurons emigrated from the ventral gray matter (data not shown). In conclusion, these data identify BC cells as the neua further indication of the efficiency of the toxin system, ral crest derivatives specifically responsible for mainwe verified that its activation in Krox20 DT/ϩ embryos retaining the integrity of spinal motor columns. In contrast, sulted in the ablation of rhombomeres 3 and 5, sites of they may not be involved in regulating the migratory Krox20 expression in the hindbrain (data not shown).
Heterologous Neural Crest Grafts Abolish Extraspinal Motor Neuron Migration in Crest-Ablated Embryos
behavior of Schwann cells at the MEP.
Extraspinal Motor Neurons Exit the Spinal Cord Ablation of BC Cells Is Sufficient to Allow Emigration of Spinal Motor Neurons by Translocating along Their Axons
The implication of the above findings is that motor neuUsing the Krox20
DT allele, we next tested whether the targeted elimination of MEP BC cells would result in rons may need to be actively constrained within spinal motor columns by continuous signaling from MEP BC the emigration of motor neurons from the spinal cord.
Krox20
DT/ϩ and wild-type E11.5 embryo sections were cells to prevent them otherwise following their axons into the periphery. To understand more about the underdual immunolabeled with the axonal marker ␤-III-tubulin (TuJ1) and motor neuron markers Islet-1/2 and HB9 (Figlying mechanisms, we analyzed the mode of emigration in ablated chick embryos in greater detail. Thus, the ure 6). This showed that, in common with surgically ablated and Splotch mutant embryos, and in contrast ventral neural tube of E2 chick embryos was electropor- ated with a GFP reporter plasmid immediately prior to antibody to label their processes ( Figures 7A, 7B , and 7E). This combination of markers was employed here unilateral dorsal neural tube ablation. This procedure allows the cellular morphology of individual extraspinal rather than Islet-1/2 antibody that labels all ectopic motor neurons ( Figures 2F-2H ), both to confirm the motor motor neurons to be visualized in their entirety, since only a subset of motor neurons emigrates from the neuneuron identity of ectopic GFP-positive cell soma and to allow individual soma to be more readily assigned ral tube upon removal of BC cells, and of these, the GFP electroporation process labels only a small proportion.
to their axon trajectories in the ventral root. Confocal microscopic analysis of sections of these embryos reSurgically manipulated, GFP-electroporated embryos were immunolabeled as whole mounts using a combinavealed that many ectopic, GFP-expressing motor neurons displayed a bipolar morphology, their spindletion of MNR2 and Islet-2 antibodies to specifically mark subpopulations of spinal motor neurons, and anti-NF shaped cell bodies projecting a trailing process in the neural tube and extending a leading process into the Discussion ventral root (Figures 7C and 7D) . We conclude, therefore, that in absence of BC cells, ectopic motor neuron cell
The boundaries between CNS and PNS compartments in the spinal cord are manifest in specialized transitional bodies leave the spinal cord by translocating along their axons (Figures 7F and 7G) .
regions within spinal nerve roots at both the DREZ and expression of DT-A is under control of Krox-20, which It is also noteworthy that we have never observed ecis expressed only after the BC cell clusters form and topic neurons under normal circumstances. Our obserbegin to differentiate. This may allow other cell autonovations do not, therefore, correspond to the phenomemous and target-derived factors constraining motor non of ventral root exiting cells described by Sohal and neuron migration to exert their effects and partially comcolleagues (Sohal et al., 1996 (Sohal et al., , 1998a (Sohal et al., , 1998b , the exispensate for the elimination of BC cell-derived signals. tence of which has been called into question by recent Alternatively, ectopic motor neurons once outside the work (Yaneza et al., 2002) . CNS environment could die or more rapidly downregulate expression of specific markers, including Islet-1/2 and HB9 in older embryos.
Grafts of Purified Quail Neural Crest Cells Rescue the Ectopic Motor Neuron Phenotype
We Primary antibodies were applied in the same solution overnight at equivalent to four to eight somites. Briefly, the eggs were windowed, 4ЊC. Secondary antibodies (Jackson ImmunoResearch) were incuand the embryos were bathed in Tyrode's saline. A solution of 5% bated in PTW for 2 hr at room temperature. Sections were mounted India ink (Pelikan Fount) in Tyrode's was injected below the blastoin Vectashield (Vector). disc to help visualize the embryo. The neural tube was opened at the chosen site of surgery, and its dorsal half was separated from
Immunostaining of Embryos Post-Surgery the paraxial mesoderm using a 15Њ microfeather scalpel (John Whole-mount immunostaining of operated chick embryos was as Weiss). The neural tube was then cut longitudinally with a pulled described above, with the following modification: embryos were glass needle, and the dorsal neural tube was removed. The embryos gutted and fixed for 2 hr in ice-cold PFA. They were then washed were left to develop in ovo at 38.5ЊC for 2-4 days. As expected, at in ice-cold PBS for 2 hr and blocked overnight in blocking solution. the site of dorsal surgical ablation, the neural tube remained open.
For section antibody staining, the fixed embryos were cryoproThis procedure allows spinal cord development using the unopertected in 30% sucrose/PBS overnight, frozen in OCT, and cryosecated side as a control. There was no evidence of neural crest cells tioned (Bright cryostat; 20 m) in a sequential series through the migrating from medial positions of the unoperated part of the emoperated region. The sections were preincubated in 1% milk/0.1% bryo into ablated regions.
Triton/PBS for 1 hr, washed extensively in PBS, and incubated overnight at 4ЊC with primary antibodies at the appropriate dilution in Neural Crest Culture 1ϫ MEM/1% BSA (antibody diluent). Sections were washed exten-E2 quail neural tubes were dissected from presomitic levels up to eight somites. These were separated from notochord, paraxial sively in PBS and incubated with secondary antibody (Molecular
